Abbreviations used in this paper
. Some ECM proteins belong to the small integrinbinding ligand N-linked glycoprotein (SIBLING) family consisting of bone sialoprotein, osteopontin, dentin matrix protein 1 and dentin sialophosphoprotein (DSPP) [Fisher et al., 2001] . These SIBLING proteins are acidic in nature and bind Ca 2+ and hydroxyapatite [Veis and Perry, 1967; Young et al., 1992; MacDougall et al., 1997; Veis et al., 1998; He et al., 2003] . One of these proteins, phosphophoryn (PP), is a cleavage product of DSPP [MacDougall et al., 1997] and possesses one of the highest Ca 2+ binding affinities within this group of proteins. This is due to its extreme acidity [Veis and Perry, 1967] arising from its high aspartic acid and phosphoserine serine content. Of the serine residues, 85-90% are phosphorylated [Richardson et al., 1978; Linde et al., 1980] . As we mentioned above, PP is a cleavage product of DSPP, the transcript which is thought to be translated as a fusion protein consisting of dentin sialoprotein (DSP)/dentin glycoprotein (DGP) and PP [Yamakoshi et al., 2006] . In our efforts to elucidate the function of PP in biomineralization, we designed a set of experiments to overexpress PP in mammalian cells and assess its role in matrix mineralization. In this paper, we describe the consequences of overexpressing PP in mammalian cells. We hypothesize that the overexpression of PP will shed light on PP's role in biomineralization by its interaction with other proteins or its self-assembly.
Materials and Methods

Recombinant Adenovirus Construction and Virus Purification
To clone the mouse PP gene into the pShooter (pCMV/myc/ER; Invitrogen) vector, polymerase chain reaction (PCR) of exon 5 using the DSPP genomic DNA as a template was performed. The amplified 2-kb fragment of exon 5 was digested using Sal I and Xba I restriction enzymes and was subcloned into the pShooter vector. The pShooter/ER vector is designed to add a signal peptide at the N terminus of the coding sequence to direct protein expression to the endoplasmic reticulum (ER). The pShooter/ER-PP clone was then used as a template to amplify by PCR the PP sequence containing the signal peptide. The following primers were used: 5 -GCTTACTGGCACGTGGTACCTAATACGAC-3 (forward) and 5 -GCATCTCGAGTTAAAGCACCCGCCATTCAA-ATC-3 (reverse). The obtained PP fragment from the PCR reaction was then inserted into the pShuttle-CMV (AdEasy Adenoviral Vector System Cat. No. 240007) following Kpn I and Xho I restriction enzyme digestion. A recombinant adenovirus was produced by a double-recombination event of cotransformed adenoviral backbone plasmid pAdEasy-1 (AdEasy Adenoviral Vector System Cat. No. 240005) and a linearized pShuttle-CMV-PP with pme I. BJ5183 electroporation-competent cells were employed for cotransformation. Positive clones were selected and confirmed by DNA Miniprep and pac I digestion. The resulting adenoviral plasmid DNA containing the PP fragment (Ad-PP) was then digested by pac I. Twenty micrograms of pac I-linearized Ad-PP was transfected into Ad-293 cell (Cat. No. 240085; Stratagene) using Lipofectamine 2000 (Invitrogen) as a transfection agent in a 10-cm dish. Transfected Ad-293 cells were incubated for 8 days and their cytopathic effect on the 293 cells was observed. This was seen by the changes in cell morphology, the cells rounded up and detached from the dish. The virus was harvested, amplified and titered according to the manufacturer's recommendation (Stratagene).
Cell Culture U2-OS human osteosarcoma cell line (HTB 96; ATCC) was maintained in McCoy's 5A medium (Hyclone) supplemented with 10% fetal calf serum. Human mesenchymal stem cells (hMSCs) from the Tulane University Vector Core Facility were cultured in ␣ -MEM supplemented with 16% fetal calf serum, 2 M L -glutamine (Gibco) and 100 U/ml penicillin/streptomycin. All cell lines were maintained in a humidified atmosphere of 5% CO 2 at 37 ° C.
Transmission Electron Microscopy
Cells grown in 35-mm dishes were fixed for 60 min at room temperature and then overnight at 4 ° C in 2.5% glutaraldehyde. Following fixation, the tissue was washed 3 times in PBS and then postfixed in aqueous 1% OsO 4 , 1% K 3 Fe(CN) 6 for 1 h. The tissue was then dehydrated through a graded series of 30-100% ethanol, then infiltrated and embedded in Polybed 812 epoxy resin (Polysciences). Ultrathin (60 nm) sections were collected on copper grids, stained with 2% uranyl acetate in 50% methanol for 10 min, followed by 1% lead citrate for 7 min. Sections were studied using a JEOL JEM 1210 transmission electron microscope at 80 kV.
Results
Adenovirus Expression of PP
The PP sequence that consists mainly of the DSS motif ( fig. 1 ) was expressed in mammalian cells by using an adenovirus. PP expression from the adenovirus was confirmed by performing Western blots, dot blot analyses using an anti-PP antibody and SDS gel electrophoresis using Stains-All stain that stains acidic phosphoproteins.
Overexpression of PP in hMSCs or U2-OS Cells hMSCs or U2-OS cells were infected at an MOI of 200
with Ad-PP. The infected cells were allowed to grow in tissue culture for a week. The overexpression of PP in the infected cells was observed at about 48 h after infection for hMSCs and at about 16 h for U2-OS cells in the form of an intracellular structure that is visible by low-magnification ( ! 10) bright field microscopy as shown in fig ure 2 . This structure appears to grow axially and transversally intracellularly to form hierarchical needle-like structures. The longitudinal growth is more pronounced compared to the transverse growth, resulting in a long needle-like struc- ture. The percentage of cells that assemble PP in a needlelike structure varies by cell types. U2-OS showed 100% of cells with needle-like structures, whereas hMSCs show approximately 80% of cells with needle-like structures. The growing needles stretch the cell membrane to its physical limit and lead to cell death at approximately day 6.
Transmission Electron Microscopy Analysis
Cells were fixed and processed for transmission electron microscopy analysis following their infection with Ad-PP. The needle-like structures are formed in the ER of the cell ( fig. 3 ) . In some cells, multiple structures can be seen which are at different assembly stages. It appears that the shape of the needle-like structures is directed by the ER membranes and, as observed in some micrographs, the ER membrane could be seen advancing ahead of the needles.
Discussion
The observation that when we overexpress PP in the cells it can form a needle-like structure is both exciting and unexpected. These results demonstrate that under certain conditions, PP has the ability to self-assemble into needles. We believe that these needles have the potential to serve as new protein-based biomaterials. The fact that this assembly occurs intracellularly in ER was quite unexpected, considering that PP is an extracellular protein. This, however, raises very interesting questions of the causes and mechanisms of this assembly. Is it due to physicochemical properties of the high phosphorylation state of PP that triggered the assembly? Or is it the overwhelming synthesis of PP that activated an unfolded protein response , blocked the synthesis of PP from progressing to the Golgi, thus allowing PP to accumulate in the ER, and provided the appropriate conditions for assembly? It appears that for the assembly to occur, a certain critical concentration of PP is required. This was deduced from the fact that there is a lag of 48 h prior to the commencement of the assembly and our ability to purify PP during this time frame. One must ask the question as to why DSP/ DGP and PP are synthesized as a fusion protein that is later cleaved. One possibility is that one of DSP/DGP's roles is to prevent PP from self-assembly during the synthesis process. There are many biological and assembly questions that need to be answered and these are the foci of our future research. These include assessment of the mechanical properties of these needle-like structures, the mechanism(s) of assembly and the question whether these needles are formed of pure PP or other proteins participating in the self-assembly. In summary, we demonstrate that a novel material could be generated by overexpressing PP in mammalian cells. These data show that PP has the ability to self-assemble and this model system could be used to study ER protein synthesis mechanisms.
